The emission and detection efficiencies of photoconducting THz transmitters and receivers are found to be sensitive to the polarization of the optical gating pulse. Signal amplitudes from GaAs coplanar stripline transmitters and silicon-on-sapphire dipole receivers vary by factors of up to 4 and 3, respectively, with rotation of the exciting pulse polarization. In both cases, maximum signal is obtained when the polarization of the normally incident light is perpendicular to the edge of the metal electrodes. This polarization sensitivity, which appears to arise from differences in the spatial distribution of photoexcited carriers in the semiconductor, needs to be considered when optimizing the signal-to-noise ratio in coherent THz spectroscopy. © 1998 American Institute of Physics.
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Applications of time-domain THz spectroscopy are expanding rapidly due to the wide range of physical phenomena which can now be studied on subpicosecond time scales in this previously inaccessible part of the spectrum. The most common approach to generating electric-field transients with THz bandwidths uses a femtosecond visible or near-infrared pump laser to excite biased coplanar striplines fabricated on high-resistivity GaAs. 1 The free-space propagating THz field is detected either by its rotation of the polarization of a probe beam in an electro-optic material 2 or, as here, by means of a photoconducting dipole antenna gated by a time-delayed probe beam. 3 The degree of polarization of the emitted THz radiation 4 and the polarization sensitivity of the receiver 5 to this radiation are well known. In contrast, the dependences of THz generation and detection on the polarization of the optical pump and probe beams has not been previously reported, although this might be expected to be important because of the electrode-semiconductor interface geometry and the similarity of the relevant length scales to the optical wavelength.
We have thus investigated the effect of the optical polarization direction on the efficiency of GaAs coplanar stripline transmitters and of silicon-on-sapphire ͑SOS͒ dipole receivers. A strong polarization dependence was found in both, with up to a fourfold difference in radiated field strength and a threefold difference in receiver sensitivity existing between orthogonal exciting polarizations. The combined one order of magnitude difference is of practical importance in optimizing the signal-to-noise ratio in time-domain THz spectroscopy, where many experiments are performed near the limits of detectivity. 6 Transmitters were fabricated on semi-insulating GaAs (Ͼ10 7 ⍀ cm) and consisted of two parallel 10 m wide, 300 nm thick, unannealed AuGeNi tracks separated by 50 m and biased by up to 70 V. Similar results were obtained for track separations of 25 and 80 m. The transmitters were excited by 70 fs pulses at a center wavelength of 765 nm, obtained from a self-mode-locked Ti-sapphire laser at a repetition rate of 82 MHz. A ϫ20 microscope lens focused the normally incident radiation to a 1/e 2 diameter of about 5 m. Figure 1 shows the relative dimensions of the stripline and focal spot size and indicates the direction of polarization for TE and TM excitation: for TE ͑TM͒ the electric-field vector is parallel ͑perpendicular͒ to the direction of the stripline.
THz radiation emitted by the collapse of the bias field in the illuminated area was collimated by a hyperhemispherical high-resistivity silicon lens and off-axis parabolic mirror combination.
3 Similar optics focused the transient onto the receiver. This 30 m dipole antenna/coplanar stripline combination, also shown in . This resulted in a reduction of the free-carrier lifetime, as measured by timedependent reflectivity, to about 600 fs, in excellent agreement with previous results. 7 The silicon resistivity following implantation was approximately 5 k⍀ cm. APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 17 27 APRIL 1998 conductive gap was illuminated at normal incidence with light focused to a similar spot diameter. Considering first the transmitter, the dependence of the emission strength on excitation position and polarization was studied. For this measurement the hyperhemispherical lens was positioned to give optimum signal when exciting midway between the anode and cathode. The resulting TE and TM signal amplitudes from a transmitter fabricated on ͑100͒ GaAs are displayed in Fig. 2 -similar results were obtained from the other transmitters studied, including ones fabricated on differently oriented substrates and ones with annealed contacts. The data shown were obtained at a bias of 28 V and an incident power of 30 mW. The relative positions of the anode and cathode are also indicated in the plot. Figure 2 shows that the amplitude of the radiated signal, proportional to local electric-field strength, does not depend on the polarization at distances greater than about 10 m from the electrodes. Signal strengths increase on approaching the electrodes reflecting the highly nonuniform electricfield distribution; the emission from near the anode is found to be stronger than that obtained near the cathode, as was first observed by Katzenellenbogen and Grischkowsky.
1 Furthermore, the TM signal is ϳ4 times the TE signal at the anode, and about 50% stronger at the cathode. The strong increase close to the electrodes can be partly attributed to a geometrical enhancement of the electrostatic field gradient. The larger signals at the anode may arise from a combination of the presence of traps in the semi-insulating GaAs ͑Ref. 8͒ and the different mobilities of electrons and holes. 9 The dark current-voltage characteristics of our transmitters are similar to those predicted by a simplified model of space-charge currents in an insulator with traps; 10 with increasing bias an initial Ohmic regime gives way to a steep trap-filled limit rise in current. With further increasing bias, a space-chargelimited regime with a weaker, approximately quadratic, bias dependence is entered.
Modeling of a similar structure 8 has indicated that when biased above the Ohmic regime most of the applied potential is dropped within about 5 m of the anode, with the field increasing by about an order of magnitude in the last 1 m. It is believed that this strong field concentration causes the difference in radiated THz field strengths between polarizations. Two possibilities suggest themselves: a nonlinear optical contribution to the THz field and a polarization dependence of the overlap between the photocarrier distribution and the high electric-field region. Field-induced (2) processes 11 may be ruled out by symmetry constraints and the fact that transmitters with sharply pointed electrodes 4 50 m apart, rather than parallel tracks, show a much reduced polarization dependence despite their geometrical field enhancement. A qualitative picture of the spatial distribution of carrier injection may be obtained from calculations of intensity distributions arising from plane-wave illumination of edges in conducting sheets at dielectric interfaces. 12 The principal result is that for TE excitation the intensity in the surface plane decreases rapidly over a distance of less than approximately one-quarter of the wavelength in air as the metal is approached, and is zero at the interface. In contrast, for TM radiation the intensity increases on approaching the conductor. This is a consequence of the continuity of radiation-induced screening currents at the interface: TE currents are directed parallel to the edge, and thus are finite at the interface. TM currents necessarily drop to zero due to the discontinuity, and thus no screening occurs. A higher excitation density is, therefore, achieved in the enhanced field region close to the anode for TM illumination, thus increasing the radiated field strength. The large observed effect implies that the important field-enhanced region for THz generation is confined to a submicron region extending from the track. This is smaller than generally appreciated. To confirm that rotating the polarization changes only the spatial distribution of the optical field in the semiconductor and not the power absorbed, we measured the reflected light intensity and the photocurrent and found that these were independent of the polarization angle. Figure 3 shows the dependence of the THz signal emit- ted from the near-anode region on the polarization angle at 28 V bias for powers in the range 100 W-30 mW. Saturation of the radiated field is found for the higher powers, with permanent damage to the transmitter occurring at ϳ60 mW.
The ratio of radiated fields ϭE THz (TM)/E THz (TE) increases from about 1.8 at 100 W to about 4 for excitation with 30 mW. Clearly, the optically injected carriers change the field distribution and enhance the overlap of the highfield region with the optically injected electron-hole plasma. 8 A typical plot of the bias dependence of at a fixed excitation intensity is shown in the inset in Fig. 2 . The detailed variation is difficult to explain but the increase in with bias is consistent with the calculated narrowing of the high-field region. 8 As in the transmitter, TM excitation of the receiver results in maximum signal: Fig. 4 . The increase in with power is somewhat weaker than in the transmitter, varying from 2.6 to 3.3 as the average power increases from 25 W to 6 mW. At the highest power utilized, 25 mW, has dropped slightly to 2.9. The transmission through the gap of a dipole antenna showed no polarization dependence, indicating that the total power absorbed is constant. As in the transmitter, for TE polarization few photocarriers are excited within a few hundred nm of the electrodes. Because of the short recombination time compared with the time taken to transit this region there is a reduction in the photoconducting gain of the antenna. This is confirmed by measurements of the variation in the average receiver photocurrent, shown as open symbols in Fig. 4 , which shows a similar variation with polarization to that of the THz signal current. This background photocurrent arises from asymmetries in the silicon/ metal interfaces on either side of the photoconductive gap. 3 The TM/TE photocurrent ratio is similar to that reported in a femtosecond study of an interdigitated photoconductor fabricated on low-temperature-grown GaAs with an electrode separation similar to that of our dipole receiver. 13 In contrast, recent cw studies of interdigitated InGaAs photodetectors 14 have shown variations in sensitivity with polarization of only 10%. The difference between cw and pulsed illumination is not thought to be of primary importance: a measurement of our receiver photocurrent gave a TM/TE ratio of about 3 for cw illumination, compared with approximately 2.5 for pulsed light of the same average power. Instead, differences in the carrier lifetimes may be more significant. If upper limits of 1 ps for the lifetime and 2ϫ10 5 ms Ϫ1 for the drift velocity 15 are assumed for the low-temperature-grown GaAs and ionimplanted silicon, then the maximum distance traveled by individual carriers before recombination would be about 200 nm. This is similar to the extent of the dark region next to the electrodes for TE excitation, suggesting that a smaller fraction of photocarriers will be collected in this case. For the InGaAs photoconductor, the carrier lifetime of several picoseconds means that variations in their initial spatial distribution can be neglected. We note that a receiver with a dipole width comparable to the laser spot size showed little polarization dependence.
In conclusion, the strength of THz transients radiated from edge-illuminated striplines on semi-insulating GaAs depends strongly on the polarization of the excitation, with contrast between orthogonal polarizations increasing with intensity. Silicon-on-sapphire dipole receivers can also show a strong dependence of the sensitivity on the excitation polarization. An explanation based on the initial distribution of photocarriers is proposed in both cases. This also accounts for previously unexplained differences between the polarization sensitivities of metal-semiconductor-metal photoconductors. 
